Berndt A, Leme AS, Williams LK, Smith RV, Savage HS, Stearns TM, Tsaih SW, Shapiro SD, Peters LL, Paigen B, Svenson KL. Comparison of unrestrained plethysmography and forced oscillation for identifying genetic variability of airway responsiveness in inbred mice. Lung function detection in mice is currently most accurately measured by invasive techniques, which are costly, labor intensive, and terminal. This limits their use for large-scale or longitudinal studies. Noninvasive assays are often used instead, but their accuracy for measuring lung function parameters such as resistance and elastance has been questioned in studies involving small numbers of mouse strains. Here we compared parameters detected by two different methods using 29 inbred mouse strains: enhanced pause (Penh), detected by unrestrained plethysmography, and central airway resistance and lung elastance, detected by a forced oscillation technique. We further tested whether the phenotypic variations were determined by the same genomic location in genome-wide association studies using a linear mixed model algorithm. Penh, resistance, and elastance were measured in nonexposed mice or mice exposed to saline and increasing doses of aerosolized methacholine. Because Penh differed from airway resistance in several strains and because the peak genetic associations found for Penh, resistance, or elastance were located at different genomic regions, we conclude that using Penh as an indicator for lung function changes in high-throughput genetic studies (i.e., genome-wide association studies or quantitative trait locus studies) measures something fundamentally different than airway resistance and lung elastance.
lung function; genomics; airway resistance; genome-wide association METHODS TO MEASURE LUNG function in animal models of airway disease have been controversial (15) . In an attempt to obviate the need for invasive measurements of resistance and elastance, a noninvasive method (unrestrained plethysmography, UP) was proposed by Buxco Research Systems (Wilmington, NC). UP measures pressure changes due to respiratory efforts over time in a chamber, thereby allowing detection of respiratory frequency, tidal volume (Vt), and inspiratory and expiratory times (T i and T e , respectively) (13, 20) . These data are used to derive the empirical measure, referred to as enhanced pause (Penh), which arises from the box pressure variations over time that are caused by an animal's chest movement and by humidification and warming of the respired air (19) . Advantages of this method are its simplicity, noninvasiveness (allowing repetitive studies), and labor efficiency. These features make it especially desirable for genetic studies, which require the phenotyping of large numbers of mice [e.g., quan-titative trait locus (QTL) studies or genome-wide association studies]. However, these advantages are only useful if Penh is a reliable metric that reflects lung functions (e.g., airway resistance, elastance).
Alternatively, airway resistance can be measured in anesthetized mice using the forced oscillation technique (FOT) with a computer-controlled piston ventilator (e.g., flexiVent by SCIREQ, Montreal, Quebec, Canada) and then fitting a constant phase model to the data (3, 14) . The advantage of this method is the precise detection of lung function parameters (e.g., airway resistance, elastance) within the lung. However, it is more labor intensive, which makes it less desirable for screening large numbers of animals. In addition, the method as often used is terminal (3, 13) , although with modern mouse intubation procedures it need not be (21) .
The usefulness of Penh as an indicator of resistance or elastance has been vigorously debated. More than a decade ago, Hamelmann et al. (13) presented correlations between Penh, lung resistance, and intrapleural pressure, and Dohi et al. (9) argued that Penh is an indicator of allergen-induced bronchoconstriction. Other authors, however, have presented evidence against the usefulness of Penh as a measure of airway resistance by reporting 1) theoretical arguments showing that Penh is more a measure of gas conditioning than a measure of airway function (20, 25) and 2) experimental data showing a lack of correlation between Penh and invasively detected lung function parameters (2, 8, 12, 27, 28) . So far, all comparisons between Penh and invasively detected lung functions are based on only a few common inbred mouse strains, which may not be representative of mouse airway physiology in general.
Recently, we showed that invasively detected airway resistance [in particular, central airway resistance (Rn)] varies among 36 mouse strains and that those variations can be used in quantitative genetic studies to identify the genomic locations that are associated with the phenotypic variations among the strains (17) . In the past, regions within the genome that are associated with variations in both Penh and invasively detected airway resistance were detected using QTL studies. A summary of the QTL studies for airway functions, found elsewhere (17) , showed that 1) only eight QTL studies have been performed thus far and 2) only two of these eight studies can be used to compare the QTL results for Penh and airway resistance (1, 6) . Interestingly, these two QTL studies showed common genomic regions at the distal end of chromosome (Chr) 2, indicating that common genetic variants may drive the biological processes that determine Penh and airway resistance. Nevertheless, those findings have not been repeated in any of the other QTL studies, and the lack of other common genomic regions casts doubt on the possibility that Penh and airway resistance share the same underlying genetics.
Here we aimed to combine comparisons of the physiological parameters and underlying genomic variations between Penh and Rn and Penh and lung elastance (H) among 29 inbred strains in an unbiased genome-wide approach. We hypothesize that if variations in Penh, Rn, and H originate from different physiological mechanisms within the lung, they will be driven by different genomic variations.
MATERIALS AND METHODS
Mice. Mice were bred and maintained at The Jackson Laboratory on a 12 h light/12 h dark cycle. We studied female and male mice of the following 29 strains: 129S1/SvImJ, A/J, AKR/J, BALB/cByJ, BALB/cJ, BTBR T ϩ tf/J, BUB/BnJ, C3H/HeJ, C57BL/10J, C57BL/ 6J, C57BLKS/J, C57BR/cdJ, C57L/J, CBA/J, CE/J, DBA/1J, DBA/ 2J, FVB/NJ, I/LnJ, KK/HlJ, LP/J, NOD/LtJ, NON/LtJ, NZW/LacJ, PL/J, RIIIS/J, SJL/J, SM/J, and SWR/J. For each strain, female (n ϭ 7-14) and male (n ϭ 8 -21) mice were measured with UP at The Jackson Laboratory. Another set of female (n ϭ 6 -10) and male (n ϭ 6 -12) mice, which were different individual animals of the same strains used at The Jackson Laboratory, were shipped to the University of Pittsburgh for invasive lung function analysis using the FOT. Invasive and noninvasive lung function measures were obtained at 9 -12 wk of age. Animal protocols were reviewed and approved by the Animal Care and Use Committees at The Jackson Laboratory and the University of Pittsburgh.
In both animal rooms at The Jackson Laboratory and the University of Pittsburgh, mice were housed in groups of five mice in pressurized and individually ventilated cages containing pine shaving bedding and topped with a polyester filter; the cage types did differ: while cages by Thoren Caging System (Hazleton, PA) were used at The Jackson Laboratory, cages by Allentown (Allentown, NY) were used at the University of Pittsburgh. Although the diets were chow at both institutions, they did differ with LabDiet 5K52 (PMI Nutritional International, Bentwood, MO) used at The Jackson Laboratory and Prolab 5P76 Isopro 3000 (PMI Nutritional International) at the University of Pittsburgh. The animal room at The Jackson Laboratory was specific pathogen free and was regularly monitored for and was free of viruses, bacterial species, Mycoplasma spp., and parasites, as described at http://jaxmice.jax.org/. The vivarium at the University of Pittsburgh was inspected four times a year for viruses and parasites and found to be free except for one virus (murine norovirus) detected in a different room of the vivarium. The mice from The Jackson Laboratory were at the University of Pittsburgh for a maximum of 3 wk before measurements were taken, so it is unlikely that the health status differed between the two groups. Finally, the ages of the mice being tested by the two procedures were the same, 9 -12 wk.
Noninvasive measurement of lung functions using UP. Mice were placed from the home cage into a plethysmograph chamber (Buxco Research Systems, Wilmington, NC), and inspiratory and expiratory pressures (P i and Pe, respectively) as well as Ti and Te were measured. Those parameters were used to calculate Penh according to the equation: Penh ϭ (P i/Pe) * [(Te-Tr)/Tr], in which Pi is the chamber pressure change during inspiration, Pe is the chamber pressure change during expiration, Te is the expiratory time, and Tr is the relaxation time (i.e., the time interval that includes 63% of the integrated expiratory pressure signal). We also calculated additional UP parameters for each mouse: T i ϩ Te (Ttot), Ti/Ttot, Vt/Ti, Vt/Ttot, and Vt/Te as it was previously reported (2) .
Each mouse was subjected to our standard protocol, which consisted of the following procedures: 1) acclimatization within the plethysmograph chamber for at least 15 min, 2) baseline measurements collected as six 30 s data logs, and 3) inhalation challenge measurements in response to aerosolized saline or increasing concen-trations of methacholine (5, 10, 20 mg/ml methacholine resolved in saline) collected as eight to ten 30 s data logs. To ensure that each mouse received the same methacholine exposure, we tested the efficiency of the nebulizer at the beginning of each test week and adjusted the time of exposure to deliver the same methacholine concentration to each animal. When the nebulizers were new, the time was generally 2.5 min, but as the nebulizers got older and became less efficient, the time was often extended. When the time required was Ͼ3.5 min to achieve the same methacholine dose, the nebulizer was discarded and replace by a new nebulizer.
Invasive measurements of lung function using FOT.
Mice measured with the invasive FOT were age-matched, but individually different, mice from the same 29 mouse strains that were used for noninvasive UP. Mice were shipped to the University of Pittsburgh, where they were allowed to acclimatize for at least 7 days and no longer than 3 wk. Invasive lung function phenotyping was performed as follows. Mice were anesthetized with 60 mg/kg pentobarbital sodium ip (Ovation Pharmaceuticals, Deerfield, IL), a tracheostomy was performed, and mice were attached to a computer-controlled piston ventilator (flexiVent system). The immediate (baseline) ventilation for each mouse consisted of a Vt of 10 ml/kg at 120 breaths/min with 0 cmH 2O positive end-expiratory pressure. Following 5 min of stabilization one deep lung inflation (DI) was applied to ensure uniform lung recruitment and to normalize to the same volume history for each mouse. This DI procedure consisted of a constant airflow with a pressure limited to 30 cmH2O over 3 s followed by a passive exhalation. Baseline impedance measurements were then obtained in triplicate during regular sinusoidal ventilation. Following those first baseline measurements animals were maintained under baseline ventilation for another 3 min, after which a second set of baseline impedance measurements were taken without preceding DI. This second set of baseline measurements was used to calculate the average baseline values per strain. Saline or methacholine challenges (1, 3, 10, and 30 mg/ml methacholine) were delivered by channeling inspiratory flow from the ventilator through an ultrasonic nebulizer (Aeroneb Lab Nebulizer System by Aerogen, Galway, Ireland). During aerosol challenge the ventilator was adjusted to deliver 40 ml/kg at 30 breaths/min. After challenge the ventilator settings were readjusted to deliver a Vt of 10 ml/kg at 120 breaths/min and impedance measurements were taken. After measurements were taken one DI was applied to reopen the lungs for the next aerosol challenge. Impedance measurements were taken every 5 s within the period of 30 -60 s after each aerosol challenge. Therefore, for each aerosol challenge 6 -12 impedance measurements were reported, of which we calculated the mean of the three highest Rn values.
The impedance is derived from the signals detected by the ventilator piston volume displacement (i.e., flow) and cylinder pressure (i.e., pressure), which is obtained during 8 s oscillatory volume perturbations (i.e., Prime-8 perturbations). The perturbations consisted of sine waves with frequencies ranging between 0.5 and 19.75 Hz. The impedance was then fitted to a constant-phase model of the viscoelastic lung, from which the parameters Rn (i.e., central airway resistance) and H (i.e., lung elastance) were obtained. Because the major objective of the experiments was to compare Rn and Penh, we mainly focused on the detection of Rn changes due to methacholine exposure. Therefore, H data were only collected at the Rn peak response and not at the later occurring H peak response.
Calculation of the slope measures for Penh, Rn, and H. For all measures, Penh, Rn, and H, we determined the strength of their increase (expressed as Penh_slope, Rn_slope, and H_slope, respectively) caused by consecutive increasing methacholine exposure. For each animal Penh_slope, Rn_slope, and H_slope were derived as follows: 1) we calculated the average Penh, Rn, and H response for each animal at each dose (i.e., individual value), 2) we log-transformed each dose and each individual value because the raw data together were not normally distributed, and 3) we fitted a linear curve to the data of log-transformed methacholine concentrations (5, 10, and 20 mg/ml for Penh and 1, 3, 10, and 30 mg/ml for Rn and H) vs. log-transformed individual values. The increase of this curve is equivalent to the slope value for Penh, Rn, and H for each mouse. The strain values were derived by calculating the average of all individual Penh, Rn, and H slope values. Although different methacholine doses were used for the UP and the FOT, the ranges of the methacholine doses used were similar between the studies, and, therefore, we studied the same part of the dose-response curves that is descriptive for airway responsiveness in the mouse. All individual values as well as the slope data for Penh, Rn, and H are reported in the supplemental data on the Mouse Phenome Database (MPD; accession number: 351).
Statistical analysis. Normal distribution of the individual Penh_slope, Rn_slope, and H_slope values was assessed with the Lilliefors test for normality (adaptation of Kolmogorov-Smirnov test for normality) and by examining the Q-Q plots. Because the data of all three traits were normally distributed, the raw data were used for generation of bar graphs for which the mean Ϯ SE for each strain, sex, and trait combination was calculated. To compare Penh_slope to Rn_slope or H_slope we ensured that all three traits were brought onto the same scale by calculating the standardized ranks [i.e., individual data point (rank)/total number of data points for each trait and each strain] for each individual slope measure within each strain. We used the Wilcoxon rank sum test to compare the standardized ranks between Penh_slope and Rn_slope or H_slope as well as between female and male mice of each strain. We also used the median standardized ranks for each strain to obtain the correlation between the traits. Statistical significance was reached at a P value of Ͻ0.05. All statistical analyses were performed in R programming language.
Genome-wide association mapping. Association mapping for Penh_slope, Rn_slope, and H_slope for 29 inbred mouse strains was performed using the free R add-on package EMMA (Efficient Mixed Models Association; http://mouse.cs.ucla.edu/emma), which uses a linear mixed model algorithm to control for population structure and genetic relatedness (16) . We used the strain mean as phenotype input and carried out the analysis for females and males separately using a panel of 623,124 single nucleotide polymorphisms (SNPs) from the Mouse Diversity Genotyping Array, a high-density mouse genotyping array that captures the known genetic variation present in the laboratory mouse (29) . Noninformative SNPs (i.e., SNPs that were not polymorphic between the strains used in our study) were removed from this data set, which resulted in a total of 334,659 informative SNPs. Each SNP was evaluated individually, and a P value was recorded as the strength of the genotype-phenotype association. All P values were transformed using Ϫlog 10(P value) in the scan plots (score). For this manuscript we focused on associations with a P value of Ͻ10 Ϫ5 . Annotation and information regarding probe performance can be obtained from the Center for Genome Dynamics website (http://cgd.jax.org//tools/diversityarray.shtml).
RESULTS

Distribution of Penh detected by UP.
We observed wide variations of the Penh_slope measures among the analyzed strains ( Fig. 1 ). Between the strains with the lowest and the highest mean Penh_slope measure, we observed a 5.6-fold increase for female and a 15.7-fold increase for male mice. On the individual strain level, the differences between female and male mice were significant for the strains SWR/J (P ϭ 0.002), CBA/J (P ϭ 0.003), NZW/LacJ (P ϭ 0.003), C57BL/10J (P ϭ 0.004), DBA/1J (P ϭ 0.009), CE/J (P ϭ 0.01), AKR/J (P ϭ 0.04), and PL/J (P ϭ 0.05) ( Table 1 ). All strain means Ϯ SE of individual exposure doses and slope values of Penh and additional UP parameters (i.e., T i , T e , T tot , T i /T tot , Vt, Vt/T i , Vt/T tot , and Vt/T e ) are reported on the MPD (accession number: 351).
Distribution of Rn and H detected by FOT.
We observed wide variations of the Rn_slope measures among the analyzed strains ( Fig. 2) . Between the strains with the lowest and the highest mean Rn_slope measure, we observed a 2.8-fold increase for female and a 2.5-fold increase for male mice. On the individual strain level, the differences between female and male mice were significant for the strains C57BL/10J (P Ͻ 0.001), LP/J (P Ͻ 0.001), FVB/J (P Ͻ 0.001), SJL/J (P Ͻ 0.001), CBA/J (P ϭ 0.009) and BALB/cJ (P ϭ 0.03) ( Table 1) .
We also observed substantial variations of H_slope among the 29 strains (Fig. 3) . The strains on the two ends of the H_slope spectrum showed a 7.5-fold difference for female and a 5.6-fold difference for male mice. On the individual strain level, measurements between female and male mice were significantly different for the strains LP/J (P Ͻ 0.001), SJL/J (P Ͻ 0.001), SWR/J (P ϭ 0.002), C57BL/6J (P ϭ 0.004), A/J (P ϭ 0.01), DBA/2J (P ϭ 0.01), FVB/NJ (P ϭ 0.02), PL/J (P ϭ 0.03), C3H/HeJ (P ϭ 0.03), and NOD/LtJ (P ϭ 0.05) ( Table 1) .
All strain means Ϯ SE of individual exposure doses and slope values of Rn and H are also publically available on the MPD (accession number: 351).
Intrastrain distributions for Penh, Rn, and H. Intrastrain variations for Penh_slope in each strain ranged from SE ϭ 0.04 for the strain CBA/J to SE ϭ 0.23 for the strain BUB/BnJ (i.e., 5.75-fold) for females and from SE ϭ 0.04 for the strain CBA/J to SE ϭ 0.23 for the strain C57BR/cdJ (i.e., 8-fold) for males. Intrastrain variations for Rn_slope in each strain ranged from SE ϭ 0.01 for the strain C57BL/6J to SE ϭ 0.05 for the strain C57BR/cdJ (i.e., 5-fold) for females and from SE ϭ 0.02 for the strain C57BL/10J to SE ϭ 0.05 for the strain 129S1/SvlmJ (i.e., 2.5-fold) for males. Intrastrain variations for H_slope in each strain ranged from SE ϭ 0.01 for the strain LP/J to SE ϭ 0.08 for the strain I/LnJ (i.e., 8-fold) for females and from SE ϭ 0.01 for the strain NON/LtJ to SE ϭ 0.05 for the strain A/J (i.e., 2.5-fold) for males.
Comparison of Penh and Rn measures. Across strains, the ranks of Penh_slope and Rn_slope were not significantly correlated for females (Rho ϭ 0.12, P ϭ 0.54) or males (Rho ϭ Ϫ0.35, P ϭ 0.07) as shown in Fig. 4, A and B, respectively. On the individual strain level, Penh_slope and Rn_slope were significantly different for the strains BALB/cByJ (P ϭ 0.03) and I/LnJ (P ϭ 0.03) among female mice and for the strains DBA/2J (P ϭ 0.004), CE/J (P ϭ 0.01), and C57BL/10J (P ϭ 0.03) among male mice (Fig. 4, C and D, respectively) .
Comparison of Penh and H measures. Across strains, the ranks of Penh_slope and H_slope were not significantly correlated for females (Rho ϭ 0.02, P ϭ 0.94) or males (r ϭ 0.31, P ϭ 0.1) as shown in Fig. 5, A and B, respectively. On the individual strain level, Penh_slope and H_slope were significantly different only for the strain AKR/J (P ϭ 0.03) among female mice (Fig. 5, C and D) .
Genome-wide association mapping for Penh and Rn. Genome-wide association mapping for females and males for both phenotypes, Penh_slope and Rn_slope, was performed by using the free R add-on package EMMA (http://mouse.cs. ucla.edu/emma), which uses a linear mixed model algorithm to control for population structure and genetic relatedness (16) . We chose to use EMMA because it corrects for population structure and shared ancestry. This reduces false-positive associations and increases the power compared with previous methods such as single SNP or haplotype association mapping.
For Penh_slope we found the strongest associations (P Ͻ 10 Ϫ5 ) on Chr 11 [at ϳ12 million base pairs (Mb)], Chr 13 (at ϳ97 Mb), Chr 14 (at ϳ118 Mb) and Chr 15 (at ϳ15 Mb) for females, and on Chr 1 (at ϳ173 and 178 Mb), Chr 2 (at ϳ155 Mb), Chr 9 (at ϳ37 Mb), Chr 10 (at ϳ65 Mb), and Chr 11 (at ϳ25 Mb) for males ( Fig. 6, A and B, respectively) . For Rn_slope we observed the strongest associations on Chr 6 (at ϳ10 and 112 Mb), Chr 7 (at ϳ73 Mb), Chr 9 (at ϳ86 Mb), Chr 11 (at ϳ72 Mb), and Chr 14 (at ϳ32 Mb) for females ( Fig.  6C ). Although both Penh_slope and Rn_slope mapped to common chromosomes (Chr 11 and Chr 14) in female mice, the peak associations were Ͼ57 Mb apart on Chr 11 and Ͼ84 Mb apart on Chr 14 ( Table 2) .
For H_slope we found the strongest associations on Chr 1 (at ϳ158 Mb), Chr 3 (at ϳ62 Mb), Chr 12 (at ϳ82 Mb), Chr 14 (at ϳ17 Mb), Chr 15 (at ϳ84 Mb), and Chr 16 (at ϳ12 Mb) for females ( Fig. 6D ). H_slope and Penh_slope mapped to the same chromosomes (Chr 14 and Chr 15) in female mice, but the peaks were Ͼ101 Mb apart on Chr 14 and Ͼ69 Mb apart on Chr 15 ( Table 2 ). H_slope and Rn_slope both mapped to Chr 14, and the peak associations were located 15 Mb apart. There were no outstanding associations observed on any chromosomes for Rn_slope and H_slope of male mice.
DISCUSSION
Here we present two strain surveys with the aim of comparing Penh (detected by UP) with Rn and H (detected by FOT) across multiple strains and in genome-wide association studies. With this work we aimed to identify the genomic basis of Penh, Rn, and H and hypothesized that if variations in Penh, Rn, and H originate from different physiological mechanisms within the lung, they will be driven by different genomic variations. Claims that Penh is not a valid measure of Rn or H have been based on theoretical derivations (20, 25) as well as physiological studies but in only a few strains (2, 8, 12, 27, 28) . In particular, a previous study by Lundblad et al. (20) showed that UP measures primarily gas conditioning due to heating and humidification of the inhaled air and that the box pressure changes only relate to airway resistance under conditions of severely constricted airways. Also, UP does not measure transpulmonary pressure, which is the essential pressure necessary to measure resistance and elastance. In our survey of 29 inbred strains, we subjected mice to increasing doses of methacholine inhalation challenges and measured the strength of the increase (slope) in Penh, Rn, and H (Figs. 1, 2, and 3 , respectively). We showed that although Penh_slope and Rn_slope as well as Penh_slope and H_slope are significantly different in only a few strains ( Fig. 4C and 4D as well as Fig.  5C and 5D, respectively) , Penh_slope and Rn_slope as well as Penh_slope and H_slope are not significantly correlated across all the 29 strains ( Fig. 4A and 4B as well as Fig. 5A and 5B , respectively). And although Penh_slope, Rn_slope, and H_slope were derived from dose-response curves that used different doses of methacholine, all doses were kept in the same range of exposure (1-30 mg/ml). In addition, we found that different genomic regions are responsible for the phenotypic variations in Penh_slope, Rn_slope, and H_slope ( Fig. 6 and Table 2 ). Therefore, in addition to previous theoretical and physiological studies, we provide another line of evidence that Penh may not be a valid indicator of changes in airway resistance or lung elastance even in high-throughput mouse studies.
Our genome-wide association studies identified different genetic loci for Penh_slope and Rn_slope, with no overlap between the scans (Fig. 6 , Table 2 ). If Penh had detected lung functions somehow related to Rn, one would expect at least some overlap between the underlying genetic loci. Nevertheless, our findings of the location of the genomic loci are in agreement with those reported in the literature, in which investigators studied the genetic basis for both Penh and invasively detected airway resistance in QTL studies. A literature search (17) showed that QTLs identified for Penh (Penh-QTLs) (1, 30) differed from the QTLs identified for airway resistance (Raw-QTLs) (6, 7, 10, 11, 26 ). Penh-QTLs found by Genes were isolated by a Biomart search of the peak regions; genes that were directly hit by SNPs (Gene within) and those that were identified to be adjacent upstream or downstream genes (Gene upstream and Gene downstream, respectively) were reported. MAF, minor allele frequency; F, female; M, male; SNP, single nucleotide polymorphism; pSNPs, polymorphic SNPs. Zhang et al. (30) were located on Chr 9 (at ϳ37 Mb), Chr 10 (at ϳ82 Mb), Chr 11 (at ϳ90 Mb), and Chr 17 (at ϳ16 Mb), and those found by Ackerman et al. (1) were located on Chr 2 (between ϳ142 and 179 Mb) and Chr 6 (between ϳ4 and 87 Mb). In our study, we were able to repeat two of those Penh-QTLs with the Penh_slope association peaks on Chr 2 at 155 Mb and Chr 9 at 37 Mb in male mice.
In contrast to Penh-QTLs, Raw-QTLs were identified by Ewart et al. (10, 11) 6) found a Penh-QTL and Raw-QTL, respectively, at similar genomic locations on distal Chr 2 in male mice. However, we were only able to repeat those findings with our genome-wide association studies for Penh_slope, but not for Rn_slope in male mice. It is most likely that the missing overlap between the previous Raw-QTL and our Rn_slope associations on distal Chr 2 is due to the different invasive detection methods.
The lack of other overlaps between previous QTL studies and our genome-wide association studies may be explained by differences in 1) the genotype information, 2) phenotypic variations due to animal and environmental changes, and 3) differences in the scanning algorithms. First, the genotype information in QTL studies use less genetic variability (only two strains for crosses vs. 29 strains in our surveys) and a smaller marker coverage compared with the high-density SNP set in our genome-wide association studies. Second, the phenotypic variations could have been due to age and sex differences, differences in the sensitization/challenge methods (naïve vs. allergen-challenged mice), or differences in the presentation of airway responsiveness (slope vs. individual methacholine doses). Another possible but less likely factor that could have changed the phenotype is environmental stress due to the shipment of mice from The Jackson Laboratory to the University of Pittsburgh. To minimize the potential stress from relocating the mice to the University of Pittsburgh, we allowed that each mouse received an acclimatization period of at least 7 days and similar husbandry conditions at the Pittsburgh vivarium as provided at The Jackson Laboratory. Finally, although the current scanning algorithms for our genome-wide association studies are more powerful and less susceptible to false positives than previous single SNP or haplotype association methods, the lack of overlaps could also be due to the detection of some false positives. This possibility cannot yet be excluded and warrants further verification with, for example, QTL studies as suggested by a previous study (22) .
The difference in the locations of the genomic variations that cause phenotypic variability in Penh and Rn supports the assumption that they are caused by different mechanisms within the respiratory system. We isolated the genes that underlie our association peaks by searching for the location of the peak SNPs on the Biomart annotation database (http:// www.biomart.org) and by reporting those genes that directly overlapped and those that were located adjacent upstream and downstream of the SNPs (Table 2) . Although the functional testing of these genes is not within the aim of this study, it breaks the ground for further investigations. As a result of our genome-wide association studies, we conclude that the attempt to study the genetics of resistance by measuring Penh will ultimately lead to erroneous conclusions.
We did not identify any common genomic regions or genes between Penh and H ( Fig. 6 and Table 2 ). A lack in common genomic regions between Penh and H could have been caused by the collection of the H data at the Rn peak and not at the later occurring H peak, which could have also compromised a comparison between methacholine doses and mouse strains for the H parameter. The genomic locations that determine the H phenotype will have to be verified in the future with data collected at the H peak. Nevertheless, to measure lung function parameters accurately, such as Rn and H, transpulmonary pressure has to be detected, which is given by FOT, but not by UP. Conclusively, the use of Penh as measure of airway and peripheral lung parameters is not reliable.
In the past, several studies have examined the differences in lung responsiveness between mouse strains as part of physiological as well as genetic studies. Most of those studies agree about which strains are more responsive then others. For example, the strain A/J is generally accepted to be a highly responsive strain, whereas the strains C57BL/6J and C3H/HeJ are often considered resistant strains (1, 6, 7, 10, 11) . Both of our strain surveys for Penh and Rn are consistent with those findings. Other studies, however, disagree in their findings about which strains are more responsive than others. For example, whereas McIntire et al. (23) showed that the strain BALB/cByJ is more responsive than the strains DBA/2J; other investigators presented the opposite (18) . Our strain surveys for Penh and Rn showed that DBA/2J is more responsive than BALB/cByJ. One explanation for this discrepancy may be the different ways of presenting airway responsiveness data (slope of the increase vs. single dose exposure). Alternatively, DBA/2J and BALB/cByJ are strains with an intermediate response and therefore may be dependent on the within-strain variation. Despite those discrepancies, we were able to present a spectrum of novel strains that are more or less resistant than the classically studied strains by studying several additional strains that have not been investigated in airway responsiveness studies thus far. Therefore, our strain surveys open the opportunity for choosing novel strains with which the field's understanding of the pathophysiology and genetics underlying the mechanisms of airway responsiveness can be enhanced.
We found that for most strains the median standardized ranks for Penh_slope and Rn_slope or H_slope were not significantly different ( Fig. 4 or 5, respectively). As argued previously, a lack of significant difference or the existence of a correlation between Penh and any other lung function parameter should not immediately lead to the ultimate conclusion that Penh can be used as a surrogate for those airway function measures unless the causality behind the relatedness can be explained otherwise (20, 25) . In our study we showed that the correlations among the strains as well as the genetics underlying the strain variations did not support the argument that Penh and Rn or H are interchangeable parameters. Because Penh is derived from pressure/time changes that are measured within the plethysmograph chamber and not within the airways, environmental factors such as chamber temperature and humid-ity, mouse behavior such as sniffing or exploratory movements, and strain differences in anatomy such as upper or lower airways or chest wall are likely to influence the measurements. In contrast, Rn and H are derived from measuring the pressure and flow within the transtracheal tube in anesthetized mice, which allows the localized detection of changes that are mainly due to airway properties and less likely due to environmental, behavioral, or anatomical influences. Finally, the intrastrain variability of Penh was greater than those of Rn and H, supporting the assumption that the measurement of Penh as lung function parameter is less accurate for each strain than those for Rn and H.
We observed differences between female and male mice for Penh and Rn measures ( Fig. 1 and 2, respectively) . Sexspecific differences in airway functions have been reported previously (5) . In studies that investigated fewer strains, it seemed that male mice showed higher airway resistance than females. However, here we showed that the sex with the greater airway resistance was strain dependent.
Finally, the authors are aware that the comparisons between Penh and either Rn or H do not complete the range of possible comparisons between parameters that can be obtained by FOT and UP. Several more opportunities for comparisons have been described elsewhere (2) . All raw data in this study needed for subsequent analyses can be found at the MPD website (accession number: 351).
In summary, we presented two strain surveys of 29 mouse strains detecting either Penh with UP or Rn and H with FOT. We showed that these phenotypes are caused by different underlying genetic variations, illustrating that changes in Penh, Rn, and H are not originated by the same mechanics within the lung as shown in the past (20) . The verification of the novel association peaks will be necessary in subsequent QTL studies. Our data lead to the conclusion that Penh is not a reliable indicator of invasively detected lung function parameters (e.g., resistance and elastance) even in high-throughput mouse studies. Nevertheless, we are not able to argue that Penh is not useful as an indicator of other parameters, such as the breathing pattern (2) . Although our conclusion negating Penh for measuring lung function leaves the field with no labor-efficient solution for high-throughput genetic studies, alternative approaches for UP are currently under investigation (4, 24) . We trust that a successful approach will emerge and provide a way to accurately, efficiently, and noninvasively measure lung function in long-term studies.
